film with a flexible free-standing ability. Generally, linear dielectrics with high κ, low tan δ and high breakdown strength will result in effective high energy densities. Traditional polymer dielectric films with high breakdown strength generally suffer from low κ, which limits their energy density.
The current industry standard, biaxially oriented polypropylene (BOPP) film is useful for its ultra-low tan δ (<0.001) and high band gap (E g ). However, low κ (≈2.1) and low operation temperature (85 °C) of BOPP limits its practical use in many high energy density and high temperature applications. Recently, a rational co-design process of discovering new dielectric materials based on iterative ab initio computation suggests that the electronic polarization for non-polar materials like BOPP correlates inversely with the band gap and thus cannot be enhanced without affecting the latter. [3, 4] On the contrary, such correlations are not observed for ionic polarizations found in organometallic polymers. [5] Organometallic polymers containing metal atoms in the backbone such as tin complexation systems were studied by our team with the aid of the rational co-design process. [6, 7] These newly developed organometallic Sn-polyesters systems exhibit high κ (>6) and have excellent agreement with the computational predictions in terms of structure and electrical properties like κ and E g . [6] [7] [8] [9] Among the various Sn-polyester systems, the poly(dimethyltin glutarate) (pDMTGlu) [6] and poly(dimethyltin-3,3-dimethyl glutarate) (pDMTDMG) [7] have higher κ ≈ 6.1 and ≈6.3, respectively, with low loss compared to all Sn-polyesters studied. pDMTGlu has three methylene spacers in their repeat unit, whereas, pDMTDMG has two additional methyl groups attached to the C-3 position shown in Figure 1D . However, pDMTGlu forms fractal crystal patterns upon drying, which results in a brittle film on a metal substrate with low breakdown strength. On the other hand, the branched methyl groups in pDMTDMG play a significant role in preventing aggregation in the polymer matrix when blended with a second Sn-polyester system by disrupting the chain packing. [6] Recently, polyimides (PIs) containing hybrid materials are of great interest and are receiving extensive consideration due to their improved morphological, thermal, and electrical properties. [1, [10] [11] [12] [13] PI with a dianhydride, 3,3´,4,4´-benzophenonetetracarboxylic dianhydride (BTDA), and an aliphatic diamine linker 1,6-hexadiamine (HDA) was also synthesized by our team. [3, 14] The rigidity of the aromatic repeat unit gives strength and stability to the polymer, leading to high T g , whereas the flexible
Hybrid Materials
Flexible films having high dielectric constants with low dielectric loss have promising application in the emerging area of high-energy-density materials. Here, for the first time, an organometallic, Sn-polyester-containing hybrid free-standing film in polyimide matrix is reported. Polyimide, pBTDA-HDA, is used with poly(dimethyltin glutarate) and poly(dimethyltin-3,3-dimethyglutarate) (pDMTDMG) for having a processable film with tunable dielectric properties. Hybrid film with 60% pDMTDMG and 40% PI (HB2) is found to have improved dielectric features over previously synthesized organic polyimide and organometallic Sn-polyester homopolymers. These novel organometallicorganic hybrid systems expanded a new area of dielectrics for next-generation electronics with superior overall electrical performance.
With the emerging technological advancement in the area of high-energy-density materials, the need for an effective dielectric medium for energy storage application with high dielectric constant (κ) and low dielectric loss (tan δ) has grown significantly over the recent years. [1] Dielectric materials, especially those exhibiting flexible and free-standing films are attractive for rapidly growing energy storage technology such as flex circuits, hybrid vehicles, wearable electronics, biomedical devices, power electronics, solar cells, and electrical weapon systems due to their ease of handling, space saving, light weight, and conformability. However, there are many challenges currently faced by the field of dielectric material synthesis and processing, which include the improvement of the κ while maintaining low tan δ in a thin www.advancedsciencenews.com www.mrc-journal.de aliphatic spacer improves the morphology and mobility of the chain. [14] However, the pBTDA-HDA exhibits relatively low κ ≈ 3.5 with tan δ of 1% at 1 kHz. [14] Herein, we produced hybrid films of Sn-polyester/PI using a polymer blend technique. The goal of this study was to produce a flexible, free-standing film of organometallic-organic hybrid out of our best-known Sn-polyester and polyimide systems with tunable dielectric properties, and in line with this to find an optimal condition to achieve the maximum κ while maintaining low tan δ without sacrificing the high band gap and breakdown strength for maximum potential energy density. In this work, a comparative study was reported for the pDMTDMG/ pBTDA-HDA and pDMTGlu/pBTDA-HDA hybrids, showing their improved electrical performance over one another and from previously synthesized homopolymers The optimal condition for making processable films was obtained by varying the blend ratios of the Sn-polyester. The maximum concentration of Sn-polyester was 60% w/w blended with 40% w/w of PI for having smooth free-standing film. The 60% pDMTGlu and 60% pDMTDMG hybrids are named as HB1 and HB2, respectively. Above this threshold the film became brittle due to its increased portion of the crystalline Snpolyester moiety. Figure 1 shows the processing of a film along with the microfeatures. Here, in F1 the PI acts as a matrix and pDMTDMG dispersed into it. The amorphous nature of the pDMTDMG helped the system to be more evenly distributed in the PI substrate with small phase separation compared to the pDMTGlu. For HB1, large microphase separation occurred due to the crystalline nature of pDMTGlu, resulting in large coagulation evident in E2. It is also evident from the elemental mapping in F2 that the tin-oxygen ratio (green dots) has uniform distribution of the spherulite, whereas, in E1 large clusters forms.
Films also exhibited weak dipole-dipole interaction between the polar polymers due to the presence of electron-rich imide bonds and electropositive Sn atom from Sn-O linkages evident in normalized FTIR spectra in Figure S1 , Supporting Information for HB1 and HB2. The reduction of imide stretching at 1704 cm −1 occurred in both systems. The asymmetric stretching of CO bond at 1567 cm −1 in pDMTGlu and at 1614 cm −1 for pDMTDMG, was also reduced in HB1 and HB2, respectively, due to the weak interaction between the chains. The thermal stability was examined by TGA isothermally under a nitrogen atmosphere ( Figure S2 , Supporting Information) for HB1 and HB2. The glass transition temperature (T g ) of the HB2 (≈141 °C) was also higher than HB1 (≈119 °C) ( Figure S3 , Supporting Information). HB2 was annealed at elevated temperature to check if there were any morphological changes that had taken place. No changes had been observed in HB2 which was evident by the WAXD pattern shown in Figure S4 , Supporting Information indicating the morphological stability of the film up to 200 °C. It can be argued that HB2 can be useful for high temperature (>100 °C) thin film dielectric applications.
Frequency-dependent dielectric behavior at room temperature is shown for all compositions in Figure 2A ,B. By increasing the Sn-polyester concentration from 10% to 60%, κ also increases. Loss also increases by the incorporation of the Sn-polyesters, mostly in the higher frequency regions. Lower loss is observed for the pDMTDMG hybrids (0.007-0.041) compared to pDMTGlu hybrids (0.009-0.058), which is much lower than any known hybrid system. [1, 11, 12, [15] [16] [17] [18] [19] [20] [21] [22] Their trends in the κ and tan δ at 1 kHz in room temperature are shown in Figure 2C ,D for all compositions. κ lies between the edges of two homopolymers such as from 3.5 to 6.1 for pDMTGlu and from 3.5 to 6.4 for pDMTDMG hybrids with PI. They showed very little frequency dependency on κ, which is indicative of a fast polarization response. The highest κ was observed for HB1 and HB2 systems with 5.9 and 6.3 at 1 kHz with a tan δ of ≈0.058 and ≈0.041, respectively, acceptable for many practical applications.
Dielectric response comprises different polarization mechanisms such as electronic, ionic, dipolar (orientational), and interfacial. [23] At very low temperatures, the orientational polarization is less prominent due to insufficient energy to overcome the rotation barriers. With the increase of temperature, dipolar polarization increases and can contribute to the overall polarization response and hence increase the κ. Here, the improvement of κ with the incorporation of the polar Sn-polyester is attributed to the enhanced ionic polarization, which is caused due to the presence of the highly polarizable Sn-O bond. At lower frequencies (i.e., <10 kHz), an upturn in tan δ was observed. Upon increasing the temperature, these peaks shifted to higher frequencies, which can be an indication of interfacial polarization, a typical characteristic of hybrids. [24, 25] Studies show that interfacial polarization can contribute to the loss peak, especially at low frequency regions where temperature is a controlling factor. [11, 24, 25] Generally, with an increase in temperature, loss factor also increases due to the increased bulk conduction loss. [11, 15, 25, 26] At 150 °C κ remains above 4.6 for HB1 and 5.1 for HB2 ( Figure S5 , Supporting Information) at 1 kHz. tan δ remained below 0.06 for HB2 and 0.10 for HB1 at 150 °C. However, overall dielectric loss for the HB2 (<≈0.02) was lower compared to HB1 (<≈0.04). The branched methyl groups hinder the chain packing and create more room to relax the chain. In contrast to that for hybrid system, interfaces also play a role in controlling the conduction loss via the trap formation for reduced electronic conductivity. [25, 27] For an insulating material, their dielectric breakdown mainly depends on intrinsic (composition of the system, underlying chemistry of the materials, bonding, etc.) as well as extrinsic factors. [31] The basic mechanism of polymer breakdown can be understandable by electron avalanche theory. Polymer breakdown occurs when high enough electric field promotes electrons from valence band to the conduction band to an extent that it creates electron avalanche. [14] Thus, for a defect free and pure dielectric material, band gap energy (E g ) can be an
Macromol. Rapid Commun. 2018, 1800679 Table 1 . Experimental dielectric constant (κ) and dissipation factor (tan δ) at 1 kHz, band gap energy (E g ), DC breakdown field from Weibull distribution analysis, breakdown field from D-E hysteresis loop, energy density at its highest field from DC breakdown strength and (from D-E loop are shown in parenthesis) for HB1 and HB2 films and previously synthesized polymers along with BOPP at room temperature are tabulated. www.advancedsciencenews.com www.mrc-journal.de approximation for the intrinsic breakdown. [9, 31, 32] This can be measured through the onset wavelengths of absorption from the UV-vis spectrum. [31] [32] [33] [34] [35] [36] For a dielectric material, E g > 3 eV is generally considered as useful for dielectric application.
Here, E g was found to be 3.25 and 5.32 eV for HB1 and HB2, respectively. The branched Sn-polyester in HB2 having more free volume compared to the linear Sn-polyester in HB1, which hindered the dipole-dipole interaction and reduced the charge carrier mobility, resulted in a wider band gap for HB2. However, establishing the relationship between the intrinsic breakdown and band gap is challenging due to the macroscopic imperfections (amorphous or semi-crystalline nature of the polymer matrix) as well as other factors like thermal, partial charge, and free volume breakdown. [14] Macromol. Rapid Commun. 2018, 1800679 Figure 2 . Frequency-dependent dielectric constant (κ) and dissipation factor (tan δ) of A,C) pDMTGlu/PI and B,D) pDMTDMG/PI hybrids, respectively, along with homopolymers PI, pDMTGlu, and pDMTDMG in the frequency range 100-1 MHz at room temperature. E,F) Dielectric constant (κ) and dissipation factor (tan δ) versus Sn-polyester composition in PI at 1 kHz of pDMTGlu and pDMTDMG systems, respectively. For HB1, the engineering DC breakdown strength at which 63.2% of the samples had broken down was 335 MV m −1 and that for HB2 was 464 MV m −1 . Hence, the potential energy density calculated at nearly DC breakdown field could be as high as 2.9 J cm −3 for HB1 and 5.9 J cm −3 for HB2 tabulated in Table 1 . Experimental breakdown strengths are currently lower than PI due to processing conditions contributing a gap between intrinsic and actual performance. The presence of interface, microphase segregation of the Sn-polyesters within the polyimide, and higher free volume might result in localized field enhancement and could initiate early breakdown. Based on the calculated band gap, if these challenges could be overcome, the potential for improved performance could be high. The chargedischarge behavior was estimated by D-E hysteresis loop shown in Figure 3C and Figure 3D for HB1 and HB2, respectively. Breakdown fields found from the D-E hysteresis loop were 286 and 352 MVm −1 for HB1 and HB2, respectively; slightly lower than DC breakdown field. Hysteresis observed in the loop might have originated from the conduction loss at high voltage, which can be attributed to the interfacial relaxation and presence of impurities. The efficiency at the highest field, for the HB1 and HB2 was approximately 76% and 82%, respectively.
We have developed hybrid flexible free-standing semitransparent films of organometallic Sn-polyester blended with polyimide pBTDA-HDA having tunable κ upon the addition of Sn-polyester. The maximum achievable κ for both pDMTGlu/ PI and pDMTDMG/PI films having 60% load of tin-polyester ranges from ≈5.5 to 6.2, close to that of the tin homopolymers. These values show clear improvement over polyimide pBTDA-HDA having a κ of ≈3.5 while maintaining low dielectric loss with minimum frequency dispersion over a wide temperature range. The blend of 60% pDMTDMG with 40% polyimide stands out by their morphological and electrical properties showing a breakdown strength of 464 MV m −1 , with a maximum energy density of ≈6.0 J cm −3 . Band gap energy (5.3 eV) of this hybrid is higher than polyimide and tin homopolymers, which suggests an improved intrinsic breakdown strength. We have overcome the barrier of having ferroelectric behavior observed in the typical metal containing dielectric systems. This study opens a door to the other organometallic hybrid systems to consider as prospective dielectric candidate.
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